[1] Factors controlling the seasonal and interannual variability of net ecosystem productivity (F NEP ), gross ecosystem photosynthesis (P g ), ecosystem respiration (R e ) and evapotranspiration (E) of a mature boreal black spruce forest in central Saskatchewan, Canada were investigated using eight years (1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006) of continuous eddy covariance measurements. During 2000-2006, which included a three-year drought, the forest was a weak sink for CO 2 with annual F NEP ranging from 27 to 80 g C m -2 (56 ± 21 g C m À2 a À1 ). The beginning of the growing season occurred when daily mean air temperature exceeded 4°C and the near surface soil temperature equaled or exceeded 0°C. The length of the growing season varied from 186 to 232 days. During the extreme drought year (2003), the smaller reduction in annual P g than in R e resulted in highest F NEP of the record. Annual F NEP decreased slightly with increasing soil water content; however, there was evidence of increased F NEP due to high water table conditions in 2004 because of the slightly higher decrease in R e than P g . Although bulk surface conductance (g s ) decreased significantly during the dry conditions in 2003, the associated increase in D prevented a significant drop in E, which resulted in only a slight decline in evaporative fraction and almost no change in water use efficiency. Interannual variation in P g , R e and F NEP in the early growing season (April-June) and late growing season (July-September) was controlled by air temperature and soil water content, respectively. However, spring (April-May) mean air temperature was the main factor determining the interannual variation in annual F NEP . The effect of late growing season soil water content on annual P g and R e was greater than its effect on annual F NEP . The results emphasize the need to consider soil moisture conditions as well as temperature when simulating the response of the carbon balance components of this ecosystems to climate change.
Introduction
[2] Interactions between boreal forest ecosystems and the atmosphere and particularly the impacts of climate change on boreal forest carbon (C) cycling have been the subject of considerable research interest during the last decade. The boreal forest comprises 11% of the Earth's vegetative ($16 million km 2 ) surface [Bonan and Shugart, 1989; Dixon et al., 1994] and accounts for 43% of Earth's carbon in the soil and 13% in biomass [Schlesinger, 1997; Schulze et al., 1999] . The climate of the boreal forest is characterized by strong seasonal variation with short, moderately warm and moist summers and long extremely cold and dry winters [Bonan and Shugart, 1989] . Various global models suggest that the boreal forest will undergo significant warming compared to any other forest biomes and this increase in temperature will very likely occur in winter rather than summer [IPCC, 2001] .
[3] Previous studies suggest that high-latitude ecosystems, especially boreal and temporal forests are C sinks [Keeling et al., 1996; Myneni et al., 1997; Sellers et al., 1997; Schimel et al., 2001] . The C balance at the ecosystem level results from the difference between CO 2 uptake through photosynthesis and CO 2 release through respiration. As photosynthesis provides the organic substrate for respiration, the processes are strongly coupled when long timescales are considered . Inferring the factors controlling net ecosystem productivity (F NEP ) is difficult because of the coupled processes that control gross ecosystem photosynthesis (P g ) and ecosystem respiration (R e ). There are contrasting reports on the future C sink or source response of these ecosystems to the predicted increase in global temperature. An increase in C sequestration with warming [Black et al., , 2005 can occur because of the increase in growing season length [Barr et al., 2004 [Barr et al., , 2007 . On the other hand, an associated increase in R e with an increase in temperature can change an ecosystem from a C sink to a source [Goulden et al., 1998; Cox et al., 2000] . Chen et al. [2003] reported that the effect of temperature on the C balance depends on species, stand age and history. In some studies [Barr et al., , 2007 ] P g accounted for most of the interannual variability in the C balance while in others [Valentini et al., 2000; Bubier et al., 2003 ] R e was the main determinant. Recent studies have demonstrated the need for studying the coupling of C and water cycles to reliably understand the terrestrial C balance [Barr et al., 2007; Krishnan et al., 2006; Reichstein et al., 2002] . These studies show the need to separate the responses of P g and R e to climate change. This separation is essential for assessing the vulnerability of various ecosystems, especially boreal ecosystems, to climate change.
[4] In this paper, we report an analysis of eight years (1999 -2006) of eddy covariance (EC) measurements of fluxes of CO 2 and water vapor at the Southern Old Black Spruce (SOBS) site in central Saskatchewan, Canada. SOBS was established in 1993 as part of the Boreal EcosystemAtmosphere Study (BOREAS) (http://daac.ornl.gov/BOREAS/ boreas_home_page.html) and EC flux measurements were made during 1994 and 1996 [Jarvis et al., 1997] . In 1999, flux measurements were resumed as part of the Boreal Ecosystem Research and Monitoring Sites (BERMS (http://berms.ccrp.ec.gc.ca) and since 2002 have been a part of the Fluxnet-Canada Research Network (http://www.fluxnet-canada.ca). The main objective of these studies have been to characterize the critical biophysical controls on the energy, water and C balances of the Canadian boreal forest and the role these forests play in the global C budget and climate change. The current study is of regional importance because black spruce forests occupy almost 39% of the area of North American forests [Black et al., 2005] and account for 57% of the BERMS study area [Pattey et al., 1997] . Bryophytes typically form a continuous ground cover in boreal black spruce forests and make significant contributions to P g and R e . These forests are aerodynamically rough and have low albedo, which allows them to absorb radiation and exchange mass and energy with atmosphere efficiently [Baldocchi et al., 2000] .
[5] A C-balance study based on a decadal (1994 -2004 ) record of F NEP in a northern old boreal black spruce (NOBS) forest bog complex in northern Manitoba, Canada, showed that the net uptake of CO 2 was enhanced as a result of inhibition of R e during multiple years of rainfall in excess of evaporative demand . Using observations from SOBS, NOBS and an eastern black spruce (EOBS) in Quebec Bergeron et al. [2006] found very similar seasonal variations in CO 2 exchange. The coniferous stands (black spruce and jack pine) in this region have low photosynthetic capacity and evapotranspiration (E) rates compared with those of deciduous aspen stands [Arain et al., 2002; Griffis et al., 2003; Kljun et al., 2006] . During the recent 3-year drought (2001) (2002) (2003) that affected large areas of western Canada including the BERMS area, mature evergreen stands at SOBS and a jack pine stand were reported to have had insignificant changes in C balance compared with those of mature deciduous aspen stand [Kljun et al., 2006; Barr et al., 2007; Krishnan et al., 2006] . The main objectives of the paper are (1) to determine the climatic factors that influence the beginning, ending and length of the growing season at SOBS, (2) to determine the responses of P g and R e to environmental variables, (3) to examine the seasonal and interannual variability of F NEP , P g and R e and E.
Materials and Methods

Site
[6] The study was conducted at the Southern Old Black Spruce (SOBS) forest site (54°N, 105.1°W, elevation 629 m), near the southern edge of boreal forest in Prince Albert National Park in central Saskatchewan, Canada. The site was regenerated after a natural fire event in 1879 resulting in a stand dominated by black spruce (Picea mariana), with sparsely distributed tamarack (Larix laricina Du Roi, 10%) and jack pine (Pinus banksiana Lamb) and a sparse understorey of shrubs (e.g., Ledum groenlandicum Retzius and Vaccinium vitisidaea L.). The forest-floor consists of a nearly continuous (70%) feather moss community (e.g., Hylocomium splendens, Pleurozium schreberi), with irregular patches of hummocky peat (Sphagnum spp.) and lichen (Cladina spp.) in wetter and drier areas, respectively. The stand density was $4330 stems ha -1 in 1998 with mean canopy height of $11 m. The soil is classified as a peaty phase typic cryaquept [USDA, Soil Taxonomy, 1999] and consists of an approximately 20-cm deep organic layer overlying waterlogged sandy clay. The drainage at the site is imperfect to poor. The tower at SOBS has a uniform fetch in the prevailing wind directions (SW to NW) of at least 1.2 km. The flux footprint (>80%) at this site was found to spread along the prevailing wind direction up to 200-300 m during daytime convective conditions and 500 m during neutral or nighttime stable conditions [Kljun et al., 2006] . On the basis of climate data from an Environment Canada meteorological station at nearby Waskesiu Lake (53.92 N, 106.07 W), the 1971-2000 mean annual temperature was 0.4°C, and the mean annual precipitation was 467 mm. For further site details see Sellers et al. [1997] , Pattey et al. [1997] and Jarvis et al. [1997] . In this paper we used data from May 1999 to December 2006. However, we used complete year data from 2000-2006 when discussing the interannual variation in the C balance.
Instruments 2.2.1. EC Measurements
[7] Eddy covariance (EC) measurements of half hourly turbulent fluxes of CO 2 (F c ), water vapor (E) and sensible heat (H) were made at 27 m above the ground on a scaffold tower using a three-dimensional sonic anemometerthermometer (SAT, Model R3, Gill Instruments, Lymington, UK) and a closed path, temperature controlled, infrared gas (CO 2 /H 2 O) analyzer (IRGA) (model LI-6262, LI-COR Inc.). Air was sampled within 30 cm of the SAT and was pulled through a 4-m long 4-mm inner diameter heated tube (Synflex 1300, Saint-Gobain Performance Plastics, Wayne, NJ, USA) and the IRGA with a diaphragm pump (Model DOA-V191-AA, Gast Inc., Dayton, OH) at rate of 10 L min À1 . IRGA analogue signals (CO 2 and H 2 O mole fractions) were sampled at 125 Hz with a data acquisition system (Model DaqBook/200, Iotech Inc., Cleveland, OH, USA), digitally filtered and down sampled to 20.83 Hz and transferred every half-h to the site computer for further flux calculations. Changes in the storage of CO 2 in the air column below the EC measurement level were measured using an eight-level profile sampling system using an LI-6262 IRGA starting in 2000 . The CO 2 concentration measurements were automatically calibrated once daily to correct for the zero and span drift. Further details are given by Arain et al. [2002 Arain et al. [ , 2003 and .
Climate and Ancillary Measurements
[8] Meteorological measurements included air temperature (T) and humidity (model HMP-35C, Vaisala, Inc., Oy, Finland), downwelling and upwelling solar radiation (model CM11 pyranometers, Kipp and Zonen, Delft, Netherlands), downwelling and upwelling longwave radiation (model PIR pyrgeometers, The Eppley Laboratory Inc., Newport, RI, USA), downwelling photosynthetically active radiation, (Q) (quantum sensor, model 190SB, Li-COR Inc., Lincoln, NE, USA), diffuse Q (since August 2003, Sunshine Sensor, model BF3, Delta-T Devices, UK), total precipitation, (P) (Belfort 5915 weighing gauge with an Alter shield, Belfort Instrument Co., Baltimore, MD, USA), horizontal wind speed and direction (propeller anemometer, model 05103 RM Young Co., Traverse City, MI), soil temperature (two profiles using copper-constantan thermocouples) at six depths between 2 and 100 cm and volumetric soil water content (q) (using soil water reflectometers, model CS-615, Campbell Scientific Inc., Logan, UT, USA) at five depths between 2.5 and 90 cm. Water table depth (WTD) was measured using a high-resolution, vibrating-wire pressure transducer (Druck PTX depth pressure transmitter, Geokon model 4580-2, Lebanon, NH, USA) in a piezometer tube. Beginning in 2001, an automated nonsteady state soil chamber system [Drewitt et al., 2002] was deployed to measure soil CO 2 efflux continuously at 6 -7 locations (see Gaumont-Guay et al. [2008] for details).
2.3. Data Analysis 2.3.1. Estimates of Annual F NEP , P g and R e
[9] Half-hourly values of F c , E and H were calculated using the covariance of the fluctuations in vertical wind component and the scalar quantities: molar mixing ratio of CO 2 , temperature and molar mixing ratio of water vapor, respectively [Webb et al., 1980] . Fluctuations were determined as the difference between instantaneous measurements and the 30-min block average value. Prior to calculating eddy fluxes a three-axis coordinate rotation was applied to make the average vertical and lateral wind velocity components equal to zero [Tanner and Thurtell, 1969] . The half-hourly fluxes were screened and anomalous or spurious data points caused by sensor malfunction, rain/ snow events, sensor maintenance, IRGA calibration, etc. were removed. The net exchange of CO 2 between the atmosphere and the ecosystem (F NEE ) (positive values mean gain by the atmosphere) was determined as the sum of F c and the CO 2 storage flux (F s ) (the rate of change of CO 2 storage in the air layer below the EC sensors per unit ground area). To maintain consistency among years, we estimated F s from with CO 2 concentration measurements made at EC level only [see Morgenstern et al., 2004] because of large gaps in profile data. The values of annual F NEE calculated using F s from EC CO 2 measurements were <3% different from those calculated using F s from the profile system. In this study, measured fluxes were corrected for lack of complete energy-balance closure (89 %) following Griffis et al. [2003] and Barr et al. [2006] .
[10] For sites with negligible lateral C export in surface and groundwater, F NEE provides a direct measure of the net ecosystem productivity (i.e., F NEP = ÀF NEE ). F NEP results from the difference between gross ecosystem photosynthesis (P g ) and ecosystem respiration (R e ), i.e., F NEP = P g À R e . Annual F NEP , P g and R e were obtained by gap filling missing half-hour flux data as well by replacing nighttime fluxes when friction velocity (u * ) was less than 0.35 m s À1 using the moving window procedure described by Barr et al. [2004] . Between 45% and 59% of annual nighttime data were replaced as a result of low u * conditions. Briefly, R e was estimated from nighttime and cold-season (both T and T s < 0°C) F NEP data as R e = ÀF NEP , and an empirical annual relationship between R e and soil temperature (T s ) at a shallow depth (2 cm) was used to fill gaps at night and estimate daytime R e . P g was estimated as daytime F NEP + daytime R e or zero (nighttime and cold season) and the gaps in P g were then filled using rectangular-hyperbolic dependence of P on Q (i.e., the Michaelis-Menten light response equation). Gaps in F NEP were then filled using modeled P g À R e . The uncertainties in annual F NEP associated with the random error in half-hourly fluxes and the gap-filling procedure were obtained by resampling half-hourly fluxes after introducing a 20% error and also by using Monte Carlo simulation Krishnan et al., 2006] by artificially generating gaps (up to 40% of all half hours in a year, except that the continuous gaps were varied from a half hour to 10 days) using a uniformly distributed random number generator. This procedure was repeated 1000 times and the 95% confidence levels in the annual estimates of F NEP were estimated.
Estimation of Water Use Efficiency, Evaporative Fraction and Surface Conductance
[11] Water use efficiency (WUE), an important indicator of ecosystem function, was calculated as the ratio of daily daytime (Q > 200 mmol m À2 s À1 ) integrated P g to integrated E for the same period, i.e., WUE = P g /E. Daily (24 h) evaporative fraction (EF) was calculated as EF = lE/(H + lE), where l is the latent heat of vaporization. The use of (H + lE) in the denominator circumvented the issue of energy-balance closure [Barr et al., 2007] . The surface conductance to water vapor transfer (g s ) were calculated by rearranging the Penman -Monteith equation [Monteith and Unsworth, 1990] as given by Krishnan et al. [2006] . The daytime mean value of g s was calculated by averaging daytime g s values when Q exceeded 200 mmol m -2 s -1 for those days without precipitation.
Results and Discussions
Climate and Water Balance
[12] Figure 1 shows the variation in the annual cycles of monthly mean T, Q and daytime saturation deficit (D), the 5-day running mean q at the 7.5-cm depth and WTD and the daily water balance, S(P-E), for the period, 1999 to 2006. Differences in Q between years were relatively small up to the end of April and were largest for May to August. Of these years, 2002 had the coldest spring (April -May) mean air temperature (hereafter referred to as T spring ) and 2006 the highest (Table 1) , data for 1999 is not provided due to the lack of EC measurements of E during JanuaryApril. The upper and lower thin horizontal lines in panel (d) represent q at field capacity (q at -33 kPa soil water matric potential) and wilting point (q at -1500 kPa soil water matric potential), respectively. 
where q FC is q at field capacity (À33 kPa soil water matric potential) and q WP is q at wilting point (À1500 kPa), to values below 50%.
Beginning and Ending of the Growing Season
[14] The timing of the beginning of photosynthesis in spring and its ending in autumn is an important determinant of growing season (GS) length and thus the productivity of boreal forests. The beginning and ending of the GS are not as easily detectable for coniferous species as for deciduous species. Previous studies have reported that the beginning of the growing season (BGS) in boreal forests is largely controlled by the increase in air and soil temperature and the thawing of soil in spring [Goulden et al., 1998; Bergh and Linder, 1999; Jarvis and Linder, 2000; Black et al., 2000; Suni et al., 2003a Suni et al., , 2003b Barr et al., 2004] . To examine the variability of the beginning and ending of the growing season at SOBS, we considered the variation of T, T s (at the 2-, 5-and 10-cm depths), q (at the 7.5-cm depth), P g and F NEP (daily daytime and nighttime means) during two years, one with a cold spring (2002) and the other with a warm spring (2005) (Figure 2 ). We defined the length of the growing season (LGS) as the period between the first and last day of the year when daily mean P g exceeded 5% of its summertime maximum. The GS delineation by this method was quite similar to that reported by Kljun et al. [2006] , who used a daily mean P g exceeding 1 g C m
À2
. BGS, which ranged from DOY 84 to DOY 104 (Table 2) , corresponded with the following temperature thresholds: daily mean T > 4°C and daily mean T s ! 0°C. In all seven years, the increase in T that triggered snowmelt occurred after the spring equinox ($DOY 79) and resulted in near surface T s (at the three depths) increasing to zero. This corresponded with the increase in q and the start of photosynthetic activity as well as the detectable difference between daytime and nighttime mean F NEP (Figure 2 ). The close association of the start of photosynthetic activity and increase in q at snowmelt is not surprising because in boreal conifers, the availability of soil water for transpiration is a prerequisite for the recovery of photosynthetic activity in spring [Jarvis and Linder, 2000] . BGS also closely corresponded to when accumulated heat units calculated using T with a 5°C threshold [Barr et al., 2004] reached 2 ± 2 degree centigrade days. This contrasts with the need for 69 ± 11 degree-days for the onset of spring leaf emergence at SOA [Barr et al., 2004] . Q levels did not affect BGS as it had exceeded 500 mmol m À2 s À1 by April (Figures 1a and 3) . Although there was a tendency for daily F NEP to become negative during July and August, we used the first and last day of the year with daily (24-h) F NEP > 0 to demarcate the core growing season (CGS) (see section 3.5.2). The beginning of the CGS occurred when accumulated heat units reached 10 ± 2 degree-days.
[15] Even though the GS began on DOY 104 in 2002, the ecosystem did not become a permanent daily C sink on a daily basis until DOY 130 (it was a daily C sink on DOY 119), when T s eventually exceeded 0°C. Similar to 2002, the GS in 2005 started on DOY 95, however, the site became a C sink only two days later. Declines in T (especially below -5°C) caused spring P g to drop (e.g., DOY120 in Figure 2b ) even when T s was $0°C. This result is similar to the report by Ensminger et al. [2004] on the effect of spring T on photochemical components of photosynthesis in a boreal Scots pine forest in Siberia, where they found that T dropping below 0°C during spring can result in down-regulation of spring-recovered functional photosystem II activity and chloroplast protein synthesis. However, we found that P g remained above detectable levels (>1 g C m À2 d
À1
) even when T s at the 2-cm soil depth dropped to -1°C, similar to findings by Sevanto et al. [2006] for a boreal Scots pine forest in Finland.
[16] The end of the growing season (EGS) generally occurred when both daily mean T and T s (at the 2-cm depth) dropped to 0°C (Table 1, Figures 2c and 2d) . In 2002, the EGS occurred by DOY 289. In 2005, although there was a drop in T and a decrease of P g to zero by DOY 317 (Figure  2d ), a subsequent increase in T and T s just above 0°C maintained P g until DOY 326. At this time of the year, q had no effect on EGS since q was high at this time. The decline of daily mean P g to values <50% of summer maximum occurred after the autumn equinox ($DOY 266). EGS generally occurred when day length was 9 -10 h. However, we observed no sharp decline in daily mean P g associated with a specific daytime duration in contrast to the report by Suni et al. [2003b] that the GS of a boreal Scots pine stand ended when daytime duration dropped to 9.16 h. The LGS at SOBS ranged from 185 to 236 days during 1999-2006. 3.3. Annual Cycles of E, F NEP , P g and R e
[17] Because of the close relationship of CO 2 and water vapor exchange processes, the annual cycles of E are shown in Figure 3 along with those of F NEP , P g , and R e . The seasonal variation in E corresponded closely with that of T shown in Figure 1c [1999] concluded that the highest values of E during summer months occur when the moss-covered ground surface is wet. Interestingly, the values of E in July August of 2003 were lower than expected for the high values of T and D during that period suggesting a limiting effect of low q in the near surface soil layer (Figure 1d ). The summer peak values of E at SOBS were half of the values reported for a nearby deciduous aspen forest (SOA) in the BERMS study area [Barr et al., 2007; Kljun et al., 2006] .
[18] Characteristic features of the annual F NEP cycles at SOBS were: (1) negative values during winter that extended from October to March, (2) a rapid rise during April or May associated with the beginning of the growing season, (3) a primary maximum in May or June, (4) a depression in F NEP to near zero or negative values during July and August, (5) a secondary maximum occurring from July to September in some years, (6) a decline by the end of September or the beginning of October associated with the end of the growing season, and (7) the most negative values of the year occurring near the end of October. These features are explained by the differences in the seasonal variation of P g and R e shown in Figure 3 . The increase in P g in spring occurred mainly due to the increase in T spring and the associated high Q levels while R e was less responsive to increasing T spring , resulting in the highest daily F NEP values in the annual cycle. In general, the peak in the annual cycles of P g preceded those of R e by 21 ± 10 days over the eightyear period. After the sharp increase in early April to early May, P g plateaued at $6 g C m À2 d À1 from June to August, Figure 3 . 5-day running mean of evapotranspiration (E), net ecosystem productivity (F NEP ), gross ecosystem photosynthesis (P g ) and ecosystem respiration (R e ) during 1999 -2006 at SOBS.
while R e increased with T and reached values similar to or slightly greater than those of P g . This led to nearly zero or negative F NEP values in July or August, the months with the highest T (Figure 1c ).
[19] With the decline in T in early fall, R e also decreased while P g remained close to its summer values, leading to a secondary maximum in F NEP . F NEP became negative by the end of September and reached its annual minimum in October because of the lower rate of decline R e compared to P g . The mid-summer depression in F NEP appears to be a characteristic of high latitude coniferous forests [Black et al., 2005] . Similar patterns have been reported for a boreal mixed Scots pine and Norway spruce [Lindroth et al., 1998 ], NOBS , EOBS [Bergeron et al., 2006] , boreal jack pine stands , and a high altitude subalpine forest [Huxman et al., 2003] . The effect of low April-June temperature on the time series of E, F NEP , P g and R e is most noticeable in 2002 and 2004 (Figure 3) . Although P g and R e generally exhibited similar seasonal features, the decrease in P g that occurred from mid-July to mid-September 2003, which was a warm dry year and the third year of the three-year drought, was particularly pronounced. On the other hand, the effect of drought on R e in 2003 was more apparent earlier during the growing season (Figure 3 3.4. Controls on R e and P g During the Growing Season 3.4.1. Response of R e to T s and q
[20] The response of nighttime R e to T s is shown in Figure 4a . For periods with low q, especially in 2001, 2003, and 2006 , the values of R e was slightly less than those for periods with high q and T s > 5°C. Coefficients for the logistic equation used to describe the relationship between R e and T s (see footnote for Table 3 ) for each year are shown in Table 3 . The dependence of temperature-normalized R e (i.e., R e /R e (T s )) on q and WTD is shown in Figures 4b and  4c , respectively. R e increased slightly with increasing q when the soil was dry (q < 0.2 m ). At intermediate q, R e was insensitive to q. The reduction in R e at high values of q and near zero values of WTD, particularly in 2004, suggest a restriction in soil CO 2 transport or an inhibition of CO 2 production due to a lack of oxygen [Gaumont-Guay et al., 2008] . On the other hand, R e also declined with increasing GS WTD for WTD > $0.4 m (Figure 4c ), the maximum value of which varied from 0.70 to 1.40 m over the study period, except in 2004 when it was only 0.11 m (Figure 1f ). For NOBS, which had a WTD ranging from 0.20 to 0.30 m, Dunn et al. [2006] found that an increase in WTD significantly increased R e . Furthermore, they found no evidence of reduced R e due to low q (or high WTD) restricting heterotrophic or autotrophic respiration. As shown in Table 3 and Figure 4 , T s explained 44-81% of the variance in R e with most of the rest being attributed to q, suggesting that T s was the main factor controlling R e at SOBS. 3.4.2. Response of p g to Q, T, D and q
[21] Q, T, D, and q have all been found to influence P g during the GS [Baldocchi, 1997] . For the period JuneSeptember at SOBS, P g increased almost linearly with increasing Q up to about 400 mmol m À2 s À1 (Figure 5a ). Above that value, scatter was noticeable and the sensitivity of P g to Q was weak with P g almost reaching its photosynthetically saturated level. A rectangular-hyperbolic function (see footnote for Table 3 ) was used to relate P g to Q for each year and the values of the coefficients are shown in Table 3 (Table 3) . Over the 8-year period, quantum yield and photosynthetic capacity were higher during cloudy conditions than clear-sky conditions [Gu et al., 2002; Law et al., 2002] . The low value of a in 2006 was partially due to the large number of cloud-free days.
[22] To assess the dependence of P g on other environmental variables, values of Q-normalized P g (i.e., P g /P g (Q)) were plotted against T, D and q (Figures 5b -5d ). P g /P g (Q) increased with T (Figure 5b ) and plateaued in the 10-20°C temperature range. Over the 8-year record, T was generally close to or greater than 10°C for values of Q > 500 mmol m À2 s À1 . When T exceeded 20°C, P g /P g (Q) declined, especially on hot days in 2001-2003 and 2006 . Because of the strong correlation between T and D, it was not possible to determine whether the decrease in P g during the drought years was due to high atmospheric evaporative demand or heat stress. P g /P g (Q) increased with D for values below 0.5 kPa, above which P g /P g (Q), declined likely due to stomatal closure. The relationships of P g to Q, T and D are complex because of the interaction between these variables [Chen et al., 1999] . Furthermore, part of the correlation of P g with these variables may be because P g is a calculated quantity (see section 2.3.1) containing systematic error in the derived R e (T s ) relationship. P g /P g (Q) was almost independent of q for q > 0.2 m 3 m
À3
. Although P g /P g (Q) decreased slightly with decreasing q for q < 0.2 m 3 m À3 , the decrease was less significant than those due to increases in T and D. The low values of P g shown in Figure  5a for Q > 500 mmol m À2 s À1 occurred mainly during conditions of low q, high T and high D that occurred during the drought years of 2001 -2003. We will further examine the response to drought in the following sections.
Variation of EF, WUE and g s
[23] To understand the coupled response of P g and E from parameters describing the physiological response of ecosystem to the canopy-level water status, especially during the growing season of 2003, the courses of EF, WUE and g s during June to September are shown in Figure 6 . EF and WUE were relatively conservative variables at SOBS. EF slightly increased from June to August corresponding to gradually increasing T. Under non-supply limited soil water conditions, EF generally increases with T and this dependence primarily comes from the dependence of saturation mixing ratio on T [Betts et al., 1999]. The relatively low values of EF in July -August of 2003 were due to low q at shallow depths and large WTD (Figure 1d ). This resulted in the lowest mid-summer g s values ($0.1 mol m À2 s
À1
) of the 8-years. During this period, T was higher than the mean for other years, except 2001, by 6°C and D by 88% and, which contributed to reduction in g s during this period.
[24] The slight increase in WUE in September in all years was mainly due to the faster decline in E toward the end of the GS compared with P g (Figure 3 ). August values of WUE in 1999 WUE in , 2001 WUE in , and 2003 were slightly lower than in other years. The lower than normal values of WUE in 1999 and 2001 were mainly due to higher than normal values of E. However, in 2003, the decrease in P g relative to previous years was higher than that of E leading to a slight decline in WUE (Figure 3) . The low values of g s during August of 2003, mentioned above was $50% less than normal and was associated with a 20% drop in P g . Many studies suggest that a reduction in P g could occur due to the decline in Figure 5 . (a) Daytime mean gross ecosystem photosynthesis (P g ) as a function of daytime mean downwelling PAR (Q), Q normalized P (P g /P g (Q) as a function of daytime mean (b) air temperature (T), (c) atmospheric saturation deficit (D), (d) soil water content (q) during June to September. Here P g (Q) refers to the relationship, P g = aQP x /(aQ + P x ), where a is the quantum yield and P x is the photosynthetic capacity (P g at light saturation). Relationship between P g and Q is given by P g = aQP x /(aQ + P x ), where a is the quantum yield and P x is the photosynthetic capacity (P g at light saturation) and the relationship between R e and T s is given by R e = r 1 /(1 + exp[r 2 (r 3 À T s )]), where r 1 , r 2 and r 3 are empirical constants. Ponton et al. [2005] for several ecosystems. The insignificant decline in E during August 2003, associated with the decline in P g was likely because of the compensating effect of increased D on reduced g s . Associated with summer drought at three Mediterranean evergreen forest sites, Reichstein et al. [2002] also found a decline in WUE and they hypothesized that the observed decrease of photosynthesis during the drought period could have resulted from a reduction in photosynthetic capacity, decrease in mesophyll conductance for CO 2 , patchy stomatal closure and photoinhibition. On the basis of the analysis of the results of drought inhibition of C 3 plants, Flexas and Medrano [2002] reported that stomatal closure is the dominant limitation to photosynthesis in mild to moderate drought, and progressive inhibition of metabolic processes leading to decreased Rubisco activity becomes the dominant limitation in severe drought. In a review of the effect of heat stress on P g in C3 and C4 plants, Salvucci and CraftsBrandner [2004] reported a decrease in the activation state of Rubisco as the main factor inhibiting photosynthesis at high temperatures. Figure 7 ). Even the low precipitation in 2003 (40% lower than the 7-year mean precipitation of 480 mm a À1 ) reduced E (324 mm) by only 3% of the 7-year mean value. Annually, mean E for the 7-years was 8% less than the mean E for SOA (365 ± 48 mm a
Interannual Variation in the Annual
À1
) for 2000 -2005 [Krishnan et al., 2006] ; however, daily mean mid-summer (July-August) E at SOBS was 24% lower than that for SOA.
[26] SOBS was a weak C sink over the 7-year data period (F NEP = 56 ± 22 g C m À2 a À1 ) (Table 4 and Figure 7 ). P g and R e followed a similar pattern of variability as that of F NEP with interannual variations of 854 ± 58 (±7%) and 798 ± 47 (±6%) g C m À2 a À1 , respectively. The interannual variations in F NEP , P g and R e corresponded closely with those of T spring . Over the 7-year period, the main climatic variations were associated with cold (2002 and 2004) and warm springs (2000, 2001, 2003, 2005, and 2006 ) (see section 3.1). The interannual variability of P g for years with a warm spring, excluding 2003, the extreme drought year, was small (898 ± 2 g C m À2 a À1 ) whereas for R e it was much larger (834 ± 10 g C m À2 a
). This indicates that the interannual variability in F NEP for these years was mainly determined by that in R e . In comparison, mean P g and R e for the 2 years with cold springs were significantly lower (774 and 743 g C m À2 a
, respectively). Similar values of P g in the warm years suggest that the potential productivity of this 130-year-old mature forest was relatively constant [Chen et al., 2003; Amiro et al., 2005] over the seven years, so that the effect of increasing stand age was probably insignificant. The low values of P g and R e in 2003 compared to the other warm years were the result of the severe drought in Figure 6 . 5-day running mean of evaporative fractions (EF), water use efficiency (WUE) and bulk surface conductance (g s ) at SOBS during June to September of 1999 -2006. Figure 7 . Interannual variation in annual net ecosystem productivity (F NEP ), gross ecosystem photosynthesis (P g ), ecosystem respiration (R e ), evapotranspiration (E), spring temperature (T spring ) and annual mean temperature (T a ).
that year. The reduction in R e (9%) in 2003 was higher than that in P g (6%) relative to all non-drought years with warm springs resulting in the highest annual F NEP of the record. In contrast, Dunn et al. [2006] concluded that dry conditions (i.e., low water table) at NOBS increased R e relative to P g eventually making the ecosystem a C source. Reichstein et al. [2007] observed that parallel reductions in P g and R e during the 2003 drought in Europe of 2003 resulted in small effects on F NEP . As seen above (Figures 1 and 3) , the decline of P g in 2003 was due to the decline in q and the high value of T and D in August-September of 2003. The decline of R e in 2003 was likely due to reductions in both heterotrophic and autotrophic components of respiration. Fine-root production is an important component of total NPP of black spruce stands [Kalyn and Van Rees, 2006] . Since the root system is shallow and spreads laterally within the organic layer, dry soil conditions could have contributed to a reduction in fine root density leading to a reduction in autotrophic respiration. A drop in soil and moss respiration in 2003 was apparent in the June-September total of soil chamber respiration (Table 4) and was most pronounced during August -September when q RA at the 7.5-cm depth dropped below 50% (Figure 1d ). Since R s accounted for $70% of R e at SOBS [Gaumont-Guay et al., 2008] , changes in R s would be expected to significantly affect R e .
[27] The annual values of R e /P g ranged from 0.91 to 0.97 (0.94 ± 0.03) with the highest values occurring in the cold years (0.97 in 2002 and 2004) . High values of R e /P g during the cold years were also reported for SOA (with a mean of 0.87 for an 11-year record) [Barr et al., 2007; Krishnan et al., 2006] . On the basis of a study of a wide range of terrestrial ecosystems, Law et al. [2002] reported a mean R e / P g of 0.85 for coniferous forests. We observed no trend in T (or an associated trend in F NEP ) for January during the 7-year period (Table 4) in contrast to the significant increase in F NEP and T for January over 10 years at NOBS .
Controls on the Interannual Variation in Growing
Season and Annual F NEP , P g and R e 3.6.1. Effect of T and q on the Interannual Variation of Growing Season F NEP , P g and R e
[28] To examine the influence of T on F NEP , P g and R e during the first (April-June) and second parts (July-September) of the GS, we carried out linear regression analysis (Figure 8) . We used the mean T for April-May instead of April-June because April-June F NEP was better correlated with the former (R 2 = 0.83) than with the latter (R 2 = 0.70). The results suggest that T in early spring is the main control on F NEP in the first part of the GS. Both P g and R e increased with T spring but the increase in P g was almost twice that of R e (Figures 8b and 8c) . Goulden et al. [1998] and Black et al. [2005] also found a positive correlation of the annual F NEP with spring temperature for boreal stands. For a boreal Scots pine forest, Suni et al. [2003a Suni et al. [ , 2003b found no correlation between spring temperature and CO 2 fluxes. For the second half of the growing season, at SOBS, F NEP , P g and R e were negatively correlated with T; however, T explained only 22% of the interannual variance in July-September F NEP and even less in P g and R e (Figure 8 ). There was a high correlation of annual F NEP with F NEP during April-June (F NEP = 0.08F NEP April-June -29.86, R 2 = 0.94, p < 0.05). [29] To examine the influence of q on F NEP , P g , and R e during the first and second parts of the growing season, we carried out an analysis similar to that described in the above paragraph using mean q at the 7.5-cm depth. The effect of q on F NEP , P g and R e during the first half of the growing season was not statistically significant. However, during the second half of the growing season, q explained more than 70% of the variance in P g and R e (both increasing with q until it reached about 0.35 m 3 m À3 and then slightly declining) and 42% of the variation in F NEP (increasing slightly with q) (Figure 9 ). To remove any effect of T on the dependence of F NEP , P g and R e on q, we calculated the residuals of F NEP , P g and R e during July-September as the difference between actual F NEP , P g and R e and estimated F NEP , P g and R e using T July-Sepembert (see Figure 8 for equations) and are plotted as a function of q July-September in the right-hand panels of Figure 9 . Residual analysis improved the correlations of P g and R e with q July-September . However, the similar dependencies of P g and R e on q resulted in an insignificant increase in F NEP with q for this part of the growing season. Figure 9 suggests that for the low value of q July-September of $0.2 m 3 m À3 in 2003, the slightly higher decrease in P g compared to R e resulted in low F NEP . On the other hand, the high value of q July-September of $0.4 m 3 m À3 in 2004 tended to decrease R e more than P g resulting in F NEP being higher than the other years. For all years other than 2003 and 2004, JulySeptember F NEP , P g and R e were independent of q. 3.6.2. Effect of T and q on the Interannual Variation of Annual F NEP , P g and R e
[30] To explain the interannual variability in F NEP , P g and R e , we examined the control of environmental variables at seasonal and annual timescales on the annual totals of F NEP , Table 4 . Interannual Variation in Annual Net Ecosystem Productivity (F NEP ), Gross Ecosystem Photosynthesis (P g ), Ecosystem Respiration (R e ), Evapotranspiration (E), Ratio of R e to P g , April-June Total of F NEP (F NEP Apr-Jun ), July September Total of F NEP (F NEP Jul-Sept ), Mean January Air Temperature (T Jan ) and June -September Total Chamber-Measured Soil Respiration (R sJun-Sept ) Year P g and R e . Annual F NEP and P g were better correlated with T spring than annual T (T a ) whereas R e was better correlated with annual mean soil temperature (T sa ) ( Table 5 ). Length of the core-growing season (LCGS) accounted for much more variance in F NEP , P g and R e than LGS. Although LCGS explained almost 48% of the variance in F NEP and 43% of the variance in P g , it only explained 24% of the variance in R e . For the 5 years with a warm spring, annual P g and R e increased linearly with S(PÀE) (R 2 > 0.6) and growing season (May -September) mean q (R 2 > 0.7) but there was almost no dependence for years with a cold spring. To remove the effect of cold springs on F NEP , P g and R e , we did a residual analysis using the relationships of annual F NEP , P g and R e to T spring (Table 5 ). The relationships of the residuals of P g and R e to either S(PÀE) or growing season (May-September) mean q (Table 5) were similar to those shown in Figures 9e and 9f , respectively. However, the residuals of F NEP declined slightly with both S(PÀE) and growing season (May-September) mean q with low statistical significance (p > 0.1).
[31] The above overall negative response of F NEP to increasing q obscures the effect of extremely wet conditions on F NEP . This effect is evident in the slight increase (7 g C m À2 year
À1
) in annual F NEP in 2004, the wettest year, when the water table was near the surface for much of the second half of the growing season, compared to 2002, the other year with a cold spring (Figure 7 ). This increase resulted from the reduction in annual R e even though the two years had virtually the same T a . This occurred mainly in the second half of the growing season leading to the highest July -September total F NEP (Figure 9d ). This indication of an increase in F NEP due to high q and low WTD is similar to the findings by Dunn et al. [2006] on the C balance of NOBS, in which they observed a decline in R e and an increase F NEP associated with low WTD due to high levels of precipitation. Our Figure 8 . April -June total of (a) F NEP , (b) P g and (c) R e as function of spring temperature (T spring ) (see text), July -September total of (d) F NEP , (e) P g and (f) R e as function of July -September temperature (T Jul-Sept ). The dashed lines in each panel indicate 95% confidence levels.
results suggest that at SOBS for q < 0.4 m 3 m
À3
, F NEP decreases with increasing q because of the greater positive response of R e than P g to q (Table 5) .
[32] We compared three empirical methods of estimating annual F NEP to determine whether relationships of P g and R e to environmental variables have advantages over using simple empirical relationship of F NEP to environmental variables. In Method 1, we used the annual relationship of F NEP to T spring and q July-October (equation (7) and Table 5 ). In Method 2, F NEP was estimated as the sum of the modeled winter (January -March, November -December) F NEP using T s at the 2-cm depth (equation (30)), April-June F NEP using T spring (equation (31)) and July -October F NEP using q JulyOctober (equation (34)). In Method 3, F NEP was estimated as the difference between modeled April -October P g and R e using T spring for April to June (equations (32) and (33), respectively) and q July-October for July to October (equations (35) and (36), respectively) minus wintertime R e using T s at the 2-cm depth (equation (29)). Wintertime P g was assumed to be zero. Methods 1, 2, and 3 accounted for 92, 90, and 86%, respectively, of the variance in annual F NEP for the 7 years ( Figure 10 ). Method 3 explained >86% of the variance in P g and >77% of the variance in R e during the April to October period. This comparison shows that although Method 3, which obtained annual F NEP as the difference between empirically determined values of P g and R e , was marginally less effective than the two simple direct methods, it was useful in helping to explain the observed interannual variability in F NEP .
[33] Our analysis suggests that over the 7-year record, T spring was the most important variable determining the magnitude of annual F NEP , P g and R e . Low spring temperature appeared to be the primary limitation to the productivity of this forest. This result is similar to that of Huxman et al. [2003] for a high-elevation subalpine forest. At SOBS, the increase in T in early spring, which generally led to an early soil thaw, increased both P g and R e as a result of the lengthening of the growing season. Goulden et al. [1997] reported that at NOBS, warm temperatures early in the growing season led to greater thaw depth, which resulted in higher R e ; however, it occurred in the latter part of the growing season.
[34] Since R s is the largest component of R e , any reduction in R s will have a significant impact on R e . This was the basis of earlier reports by various researchers [Cox et al., 2000; Thornton et al., 2002] who predicted an increase in R e Figure 9 . July -September total of (a) F NEP , (b) P g and (c) R e and residuals (after removing the JulySeptember T dependence) of (d) F NEP , (e) P g and (f) R e for July -September as function of mean JulySeptember soil water content at the 7.5-cm depth.
with increasing T would eventually turn an ecosystem into a C source. However, considering only the T dependence of R e and its effect on F NEP without considering the effects of near surface water conditions can be misleading. The differential responses of P g and R e (both autotrophic and heterotrophic) to T are complex. Furthermore, when modeling future C-cycle climate scenarios of boreal ecosystems, it will be necessary to account for the associated effect of the soil water regime especially during the latter part of the growing season. This is particularly important in view of the predicted earlier occurrence of snowmelt [Barnett et al., 2005] and changes in the distribution of summer precipitation [IPCC, 2001] . On the basis of EC measurements at SOA, SOBS and a mature jack pine stand, Kljun et al. [2006] estimated that the proportion of the C sequestered by black spruce stands in the BERMS study area increased from 48% in 2000, a non-drought year, to 62% in 2003, the severe-drought year. This was due to the decline in C uptake by jack pine and aspen stands and the increase in C uptake by black spruce stands in 2003 and tended to the stabilize the C uptake in the area. How the temperature-driven enhancement of C uptake in the early part of the growing season compares with the effect of changes in the soil water conditions during the latter part of the growing season will likely be key to determining whether black spruce stands maintain their ability to stabilize C uptake in the southern boreal region over much longer periods of drought.
Conclusions
[35] (1) SOBS was a weak C sink (56 ± 21 g C m À2 a À1 ) for atmospheric CO 2 over the 7-year period.
[36] (2) Spring temperature was the main factor determining the interannual variations in early growing-season (April-June) and annual values of F NEP , P g and R e .
[37] (3) Annual values of P g during years with a warm spring and no drought were remarkably similar in magnitude and were significantly higher than those for years with a cold spring. Variations in annual F NEP during warm years were mainly due to variations in annual R e. ), core growing season length (LCGS, days), length of growing season (LGS, days). b DF NEP , DP g and, DR e are the differences between annual F NEP , P g , and R e and F NEP , P g , and R e estimated using their relationships with T spring .
[38] (4) For a wide range of q, annual F NEP decreased with increasing q because of the greater positive response of R e than P g to q. However, for high water table conditions, especially during the late growing season (July-September) for q > 0.4 m 3 m À3 , there was evidence of increased F NEP due to a greater reduction in R e than P g .
[39] (5) Associated with low q in the extreme drought year (2003), g s declined by 50% and P g declined by 20%. However, E was relatively unaffected since D almost doubled and as a result EF declined slightly while WUE showed almost no change.
[40] (6) A method using empirically determined P g and R e to estimate F NEP was almost as effective as two other empirical methods which related F NEP directly to environmental variables. Figure 10 . Comparison of measured annual F NEP with empirically modeled annual F NEP . In Method 1, F NEP model was estimated using T spring and q Jul-Oct (equation (7) in Table 5 ) (F NEP = 1.01 F NEP model 1 + 0.002, R 2 = 0.92, p < 0.001). In Method 2, F NEP model = F NEP Jan-March, Nov-Dec + F NEP Apr-Jun + F NEP Jul-Oct (equations (30), (31), and (34)) (F NEP = 0.99 F NEP model 2 + 2.15, R 2 = 0.90, p = 0.001). In Method 3 , F NEP model = (P g Apr-Jun À R e Apr-Jun ) + (P g Jul-Oct À R e Jul-Oct ) À R e Jan-Mar, Nov-Dec (equations (29), (32), (33) Table 5 .
